A non-hydrostatic, mesoscale model, LOCALS, is used to investigate the effect of land surface changes on precipitation in an urban area. The horizontal mesh used in the model is approximately 5 km and the domain includes Tokyo and central Japan. Land surfaces identified as pavement or urban are transformed into forested land and model simulations are performed for both the current urban land surface and the hypothetical forested land surface. Detailed analysis is performed for two sample cases. On 5 August 2003, increased heating by the urban surfaces increases the height of the urban boundary layer resulting in much more rainfall. On 25 July 2001, air that is advected over Tokyo but forms a precipitating cloud away from the urban core carries less moisture and therefore produces less rainfall. These case studies suggest that changes to land surface types in urban areas may increase or decrease rainfall in the urban area and further research is necessary before it is possible to generalize these results.
Introduction
The elevated temperature in urban areas compared to their surrounding rural areas is known as the Urban Heat Island (Landsberg 1981) . The annual average temperatures in urban locations are increasing faster than the global annual average temperature. Changes in urban land cover have many effects on the atmosphere. Changes in urban land cover tend to lead to less surface moisture. Therefore, more incoming solar radiation is transformed into sensible heat and less into latent heat than would have occurred in the presence on nonurban surfaces. This increase in sensible heat is the major cause of increased temperatures in urban environments. In addition, tall structures in urban areas lead to more air stagnation near the surface, driving up near-surface temperatures . Urban areas have more heat sources, such as anthropogenic heat from transportation and heating and cooling units, than do non-urban areas. Urban materials tend to have higher heat capacity than natural materials. These urban materials heat up during the day and release their heat to the urban atmosphere at night. In addition, the deep urban canyons in the city reduce the sky view factor of urban surfaces, reducing the efficiency of radiating heat to space (Aida and Yaji 1979; Narita 2001) . Because it is difficult to consider all of the effects of the urban environment on the atmosphere, only certain effects are considered in this study. In the current study, changes are made only to the surface properties that determine the surface wetness, roughness, thermal characteristics and albedo. The method used to parameterize the effects of the surface on the atmosphere is described in Section 2.
Because of the spatial scales of urban heat island phenomena, the Urban Heat Island is well suited for study by mesoscale atmospheric models. The first mesoscale models used to study the atmosphere over Japan used the hydrostatic approximation. The early study of Kikuchi et al. (1981) investigated the sea breeze over the Kanto plain. Yonetani (1983) performed numerical experiments that indicated that the urban heat island can trigger cumulus formation. Some unique aspects of the sea breeze over the Kanto plain were reproduced in the hydrostatic model of Kondo (1990) . Kimura and Takahashi (1991) studied the effects of land use on air temperature. Yoshikado (1992) used a 2-D boundary layer model to investigate the interactions of the urban heat island and the sea breeze. Data assimilation was incorporated into a hydrostatic mesoscale model over the Kanto plain by Uno (1995) . In addition, the circulation over Tokyo was compared to the circulation over Osaka-Kyoto by Ohashi and Kida (2002) .
More recently, the trend has been toward using non-hydrostatic mesoscale models to study atmospheric phenomena. RAMS was used to study a unique, but often observed, cloud formation over Tokyo (Kanda et al. 2001 ). Tsunematsu and Kai (2004) modeled convergence over central Japan.
More recently, Nagasawa et al. (2006) developed a non-hydrostatic model to study low level cloud formation off the east coast of Japan and Kawai et al. (2006) simulated the sea breeze over northern Japan using their mesoscale model.
The current study uses a mesoscale model to study the connection between changes in urban land surfaces and changes in precipitation. Many observational studies have also investigated this connection. Several studies have analyzed the historical record. Yonetani (1982) used observations from 1954 to 1976 to reveal an increase in heavy precipitation in urban areas. Fujibe (2003) found a historical increase in daytime pressure drop leading to more convergence over the Kanto plain. Interestingly, both the 1940's and the 1990's were decades with unusually heavy precipitation (Kanae et al. 2004) .
Several studies have noted that the convergence of sea breezes leads to cloud formation and precipitation in Tokyo (Fujibe et al. 2002; Mikami 2003) and Nagoya (Tsunematsu and Kai 2004) . Nakanishi and Sugaya (2004) further studied the correlation between cloud formation and precipitation in Tokyo and the Kanto plain from observations. Satellite observations over the United states have observed an increase in rainfall downwind of urban areas (Shepherd et al. 2002) and that the increase in aerosols near cities does not appear to be the cause of changes in rainfall near cities (Jin et al. 2005 ). Niimura et al. (2000) used GPS measurements to reveal a correlation between total precipitable water vapor in the atmosphere over Tokyo and the amount of precipitation on the ground.
Despite these many mesoscale modeling and observational studies, there have been few studies that use mesoscale models to focus primarily on the effect of changes in urban surface on changes in precipitation. Using a mesoscale model, Rozoff et al. (2003) investigated a heavy precipitation event over St. Louis, Missouri. They found that urban surfaces raised the temperatures in the urban heat island and increased precipitation. Moteki et al. (2005) found that changes in the land surface properties could alter the size and strength of the urban heat island around Tokyo in their model and shift the location of a heavy rainfall event. Niyogi et al. (2006) found that including heterogeneous land types at the edge of Oklahoma City in their mesoscale model enhanced convective activity and led to increased precipitation.
The current study will also look at the effects of changes of land cover on precipitation. Using a mesoscale model that is independent of previous researchers' models and investigating eight heavy rainfall events, the current research will suggest additional details of the mechanisms whereby land surface properties affect rainfall and also look at the changes in rainfall in regions located some distance away from the changes in land cover. After a brief statistical survey of the eight days chosen for simulation, the current study focuses on two test cases in particular. One test case examines an increase in rainfall caused by strong urban heating; the other test case examines a decrease in rainfall in a rural area caused by a decrease in moisture from the urban area.
Section 2 describes details of the mesoscale model. Section 3 provides a description of the model verification. Results from the model are presented in Section 4 along with some discussion. Finally, a brief conclusion is presented in Section 5.
Model Description
In order to investigate the effects of urbanization on precipitation, the weather over central Japan is simulated with a mesoscale weather forecasting model. The model chosen for the current study is the Local Circulation Assessment and Prediction System (LOCALS). A detailed description of this model is given by Tanikawa (2003) and only a brief summary is presented here. The model has been used in Japan to study wind in complex terrain (e.g., Enomoto et al. 2001) .
The model is fully compressive and can be run in both hydrostatic and non-hydrostatic modes. A complete list of the model equations is given in Table 1 . Precipitation is based on the COLD-RAIN model of Lin et al. (1983) . This precipitation scheme allows for the formation of several types of hydrometeors, including: rain, snow, ice, graupel and hail. The initial and boundary conditions are set to the meteorological data output by the regional spectral model (RSM) run by the Japan Meteorological Agency, which has a resolution of 0.2 degrees in latitude and 0.25 degrees in longitude. Table 2 provides further details of the model. A representation of the data flow in the model is given in Fig. 1 . The model is allowed to run for 27 hours starting at 21:00 local time. The afternoon on the second day is used for analysis. In this study, a grid spacing of approximately 5 km in the horizontal is used. There are 20 layers from 10 to 10500 meters above the land surface using a terrainfollowing coordinate system.
The current study is focused on the effects of urban land cover change in the Tokyo metropolitan area. The region covered by the mesoscale model is the central part of the island of Honshu in Japan, which includes metropolitan Tokyo (Fig.  2) . It should be noted that the prefecture of Tokyo (labeled in Fig. 2 ) is not synonymous with the Tokyo metropolitan area, which can be seen in the land use data of Fig. 3c . In addition, there is no official "city of Tokyo" however, the eastern third 
where i = 1: water vapor, 2: cloud water, 3: rain, 4: ice, 5: snow, 6: hail u, v, w : horizontal wind speed (u, v) Land use data was also provided by the Geographical Survey Institute of Japan and is categorized into 15 types. The 15 types and their surface properties are given in Table 3 . The surface properties for a grid cell in the LOCALS model are calculated as an average of the surface properties for each of the 15 surface types weighted by the percentage of each surface type in that grid cell (Kimura 1989) . Model grid cells are approximately 5 km × 5 km. Simulations of the effect of land cover due to urbanization were performed by changing the land cover data base. In each grid cell, the urban area was replaced by forest. This replacement was accomplished by increasing the percentage of forest in each grid by an amount equal to the percentage of urban and pavement area in that grid and then setting the percentage of urban and pavement in all grids to zero (Fig. 3) . The model was run with each land surface case, but with identical initial and boundary conditions. Any difference in the model runs is due entirely to changes in land cover. Table 4 , listed as Mountain and City, are shown by the left and right boxes respectively. 
Model Verification
Figures 4a and 4b show the accumulated rainfall from 16:00 to 17:00 as simulated by the LOCALS model. Radar data of rainfall for 17:00 is shown in Fig. 4c . The pattern of rainfall from the LOCALS model roughly matches the observations. The heaviest rainfall occurs in Yamanashi and Chiba prefectures (to the west and east of Tokyo prefecture, respectively, see Fig. 2 ). The model produces its most intense rainfall just to the west of Yamanashi prefecture. The radar data shows the heaviest rainfall close, but somewhat to the east of the region indicated by the model. The rainfall in Chiba occurs closer to the coast in the model than in the radar, but nonetheless there is substantial agreement between the model and the radar observations. As another check on the accuracy of the model, model output was compared to observational data. Ground station observational data is provided by the AMeDAS (Automated Meteorological Data Acquisition System) network maintained by the Japan Meteorological Agency. Rainfall is reported hourly at all stations. Air temperature, wind speed, and wind direction are reported hourly at many stations.
One area of interest for the current study is a rainfall event in central Tokyo prefecture (Fig.  4b) . There is no ground observational data in the AMeDAS network for the central grid cell in this rainfall event, where the maximum rainfall occurred. The nearest AMeDAS station to this grid cell is in the city of Fuchu (approximate location is indicated in Fig. 4b ). Comparisons between model output and the observations for the grid cell that contained the observational station are given in Fig. 5 . It should be noted from Fig. 4 that the rainfall event is quite localized, only several grid cells across, and the observational station is located at the edge of the modeled rainfall event. The magnitude of the rainfall at this location matches well, however the timing of the event occurs two to three hours earlier in the model than in the observations. The daily cycle of the near surface air temperature is also close; however the modeled air temperature tends to be too cool in the morning and too warm in the afternoon. Kusaka and Kimura (2004) compared two models of the urban boundary layer and found that the lack of an urban canopy model caused an offset in the daily temperature cycle due to excessive heating in the daytime and excessive cooling at night. It is likely that the offset in the daily temperature cycle seen in Fig. 5 is due to the use of a slab model in the current research. The model used in the current research is being updated with an urban canopy model which will be used in future investigations. Figure 6 presents a comparison of AMeDAS observations and the LOCALS model for the center of metropolitan Tokyo. The approximate location of the AMeDAS weather station in the Otemachi district, Tokyo is shown in Fig. 4b . Here again the hourly changes in rainfall and temperature are reasonably well matched. The magnitudes of both temperature and rainfall are accurately reproduced by the model. As at Fuchu (Fig. 5 ) the peak air temperature occurs later in the day in the model than it does in the observations. Contrary to the case of Fuchu, rainfall occurs slightly later in the model than it does in the observations. Wind speed is generally low in the morning and higher in the afternoon in both the model and the observations. The timing of peak wind speeds in the afternoon differs between the model and the observations, but they are well correlated with the occurrence of rainfall in each case. The magnitude of the peak winds is well reproduced by the model. The wind direction of the observations is accurately duplicated by the model, however the daily clockwise turning of the wind is smoother in the model than in the observations. The observations show a sharp turning of the wind at 17:00, associated with the sea breeze front. The model also shows a 180° shift in wind over the course of three hours in the early evening, but it is not as sharp as the observations. Overall, the model recreates the general features of the AMeDAS observations. The AMeDAS and radar observations of rainfall show that LOCALS is performing adequately in reproducing the amount of precipitation and the general pattern of precipitation. However, LOCALS is not able to reproduce the exact timing and precise location of the rainfall events. Further refinement of the model is necessary to achieve this goal. Kawabata et al. (2007) demonstrated that the addition of a four-dimensional data assimilation system to a mesoscale model greatly improved the ability of that model to accurately reproduce heavy rainfall events over Tokyo. Including data assimilation in the LOCALS model is one possible future method for improving the accuracy of the model. Nonetheless, LOCALS does show clear changes in the rainfall when the ground cover is changed, which is the topic of interest of the current study.
The winds calculated for 17:00 on 5 August 2003 are shown in Fig. 4a . In this wind field, two sea breezes can be seen: one flowing from the coast to the northeast of Tokyo prefecture and one flowing from the southwest of Tokyo prefecture. These two sea breezes converge over Tokyo prefecture. The same pattern of converging sea breezes over Tokyo was found by Fujibe (2003) . Rainfall occurs where these two sea breezes meet. Observational studies have also observed rainfall over Tokyo occurring at the convergence of the two sea breezes (Fujibe et al. 2002; Nakanishi and Sugaya 2004) . The convergence of the sea breezes leads to rising air and thus cloud formation and precipitation.
Model Results

Statistical Analysis of Eight Days
Meteorological data were searched to find candidate days for the current study. The AMeDAS These eight days were simulated by the LOCALS model using both the urban land cover data (actual conditions) and the forested land cover data (hypothetical conditions). These eight days were examined to observe changes in atmospheric conditions and rainfall caused by changes in land cover.
For all eight days, the rainfall rate (mm h −1 ) was averaged in time (from noon to midnight) and spatially. The spatial regions, shown in Fig. 2 , were chosen to represent changes in rainfall in central metropolitan Tokyo and in a mountain region bordering the eastern edge of the Kanto Plain. Rainfall was often observed in this particular mountain region. Results of these averages are shown in Table  4 . The presence of urban surfaces did not change the spatial and time averaged rainfall in central metropolitan Tokyo on 5 of the eight days. On two of the eight days, there was a slight decrease in rainfall in central metropolitan Tokyo due to urban surfaces. On 5 August 2003, there was a very large increase in rainfall in central metropolitan Tokyo caused by the presence of urban surfaces. In the mountain region, changes in surface properties caused changes in rainfall on most days with the Only eight days were included in the initial investigation and only two of these were selected for detailed analysis. Many more days of analysis are required before the general trend of the effect of changes in urban surfaces on rainfall can be assessed. However, investigating the processes that lead to changes in rainfall in the two case studies presented in the current research may reveal important avenues of research for future studies.
Case study 1−5 August 2003
On one day, 5 August 2003, the presence of urban land surfaces caused a dramatic increase in rainfall over the urban area. This day was selected for further analysis for two reasons. 1) Determining how changes in land surfaces can trigger rainfall events which might be instructive for future investigations of the connection between the Urban Heat Island and rainfall. 2) Increased rainfall in urban areas is a topic of concern due to the possibility of increased flooding and landslides. Figure 7 shows the difference in accumulated rainfall from 16:00 to 17:00 between the urban and forest land cover cases as simulated by the LOCALS model. The red region in the center of Fig. 7 indicates a location in central Tokyo prefecture where the presence of urban surfaces greatly increased the rainfall and which is the focus of this case study. The maximum hourly rainfall during this event is 24.7 mm h −1 in the urban land cover case. There is no rain in this location at any time (Fig. 4c) . It is suggested that these are the same rain events and that the model has placed the rainfall slightly too far south.
Figure 8 displays a vertical cross section through the atmosphere and includes the grid cell that had the greatest difference in rainfall between the land cover cases. The location of the cross section is . The vertical component of the wind has been exaggerated by a factor of 10 for clarity. The white space indicates locations below the surface. Panels are for 15:00, 16:00, 17:00 and 18:00 respectively.
given by the dashed line in Fig. 2 . The updraft of air that is associated with the cloud that formed the precipitation is clearly seen in the panel for 16:00. To the north of the location of the rainfall, air is flowing down-slope and from the north due to the elevated topography to the north. This flow is beginning to stagnate as it encounters the sea breeze coming from the south. In addition, there is upward flow over the hot urban surface. This upward urban flow and the flow from the north meet over the urban area resulting in significant upward air motion. Figure 9 shows the same location and time, except for the model results using the forested land surface. Figure 10 shows the difference between these two results. Lower near-surface temperatures earlier in the day in the forest case (not shown) result in weaker upward motion and also causes less upward deflection of the flow from the north. One or both of these mechanisms is responsible for the decreased upward flow of the air in the forest case. On this particular day, the diminished strength of the upward flow was enough to nearly eliminate precipitation at this location. Figure 8 , shows downward flow in the location of the rainfall after the rainfall in the urban case, but Fig. 9 shows little downflow in the forest land cover case. The downflow of air following afternoon rainfall is consistent with the divergence of the surface winds after rainfall found by Nakanishi and Sugaya (2004) . Figure 11 shows the difference in specific humidity between the two land use cases at 14:00. The difference at 14:00 is notable in that it shows that the air at the surface is dryer in the urban case because of the lack of moisture flux through the paved surfaces. However, the air in the core of the rising air mass is more moist in the urban case. It appears that the air mass that forms the updraft is coming in part from the slope flow from the north and not simply rising from the heated surface below. The flow from the north is diverted upwards over the urban heat island more strongly in the urban case, resulting in more moisture above the city in the urban case despite the fact that the air at the surface is dryer in the urban case. This upwards deflection of moist air is a major source of moisture for the precipitation event at this location. Cloud liquid water for the two land cover cases are shown in Figs. 12 and 13. While thick clouds formed in the urban case, the cloud that formed in the forest case quickly dissipated. The updrafts within the clouds are quite strong in the urban case (Fig. 12 ) but almost entirely lacking in the forest case (Fig. 13) . Note that the clouds that formed to the north, near the mountains (to the right in Figs. 12 and 13) were not significantly affected by the change in land cover.
The surface energy balance for the grid cell with the largest difference in rainfall between the urban and forest land cover cases is shown in Fig. 14 . Only the surface heat budget for the urban land cover case is shown in Fig. 14 . Solar, latent, and sensible heat fluxes all increase steadily throughout the morning. However, all three are rapidly cut off starting around 14:00 (Fig. 14) . This is because cloud formation blocks solar radiation to the surface. When the solar radiation is shut off, both the sensible and latent heat fluxes lose their energy source and fall to nearly zero. A similar pattern is observed for the forested land cover case, however, the fluxes rebound to positive values once the cloud has dissipated (not shown). The horizontal differences in wind and temperature at 10 m above the surface are given in Fig.  15 . The warming caused by the urban surfaces is obvious by the elevated temperatures in the Tokyo metropolitan area. In addition, the city breeze circulation has been enhanced by the presence of urban surfaces. The city breeze circulation refers to the air motion around the elevated temperatures of the city that are analogous to the sea breeze circulations caused by the differences in temperature between land and water surfaces.
A time series representation of the horizontal differences in wind and temperature at 950 meters above the surface in ground following coordinates is given in Fig. 16 . At 15:00 a plume of warmer air is passing through the 950 level above the Tokyo metropolitan area (orange region in Fig. 16 for 15:00). The air is warmer and there is more outflow in the urban case than in the forest case. Later the flow in the city case is cooler and converging compared to the forest case. The reduced temperatures are likely caused by a reduction in sunshine or evaporative cooling of precipitation or both. The relative convergence may be due to the constraints of continuity as air is drawn in from the surroundings when the cloud forms and rises, transporting mass upwards.
Case study 2−25 July 2001
On many of the eight days analyzed, there was a change in the rainfall rate in the mountains bordering the Kanto Plain. This is despite the fact that there was very little change in surface properties in the mountain areas (Fig. 3) . One day, 25 July 2001, was selected to investigate how changes in surface properties in metropolitan Tokyo affect rainfall in places located away from urban surfaces. Table 4 shows that rainfall decreased when averaged over the mountain region and over the entire afternoon. The current study will focus on this decrease in rainfall in a localized rainfall event in order to more specifically illustrate the processes by which rainfall may be affected in areas located away from urban surfaces.
The accumulated hourly rainfall at 19:00 for 25 Jul 2001 is shown in Fig. 17 . There is a large rainfall event along the northern border of Yamanashi Prefecture, indicated by the purple region in Fig.  17c . The rainfall was at a sharp maximum at 19:00 for both the urban and forest land cases so differences in the exact timing of the rainfall event are not found to be the source of the difference in rainfall between the two land cover cases. There was a change in rainfall even though the land cover change in that region is small (Fig. 3c) . Although this region does not experience a change in land cover, the air coming into this region has been advected over the Tokyo metropolitan area, which has experienced a large change in land cover. Urban land use frequently reduces the amount of moisture near the surface over urban areas (an example for 5 August 2003 is shown in Fig. 11 ). On 25 July 2001, the wind is from the east, advecting over the Tokyo metropolis bringing along the dry air that is in the urban boundary layer. The dryer air in the urban boundary layer has been advected from the Tokyo metropolis all the way up the slopes of the mountains to the west of Tokyo prefecture and into the base of the precipitating cloud (Fig. 18) . The dryer air can also be seen advecting over the Tokyo metropolitan area in the horizontal wind fields (not shown). This dry air from the Tokyo metropolitan area has reduced the amount of moisture in the cloud and reduced the rainfall in this rainfall event. It is interesting to note that on the day with the second largest reduction in rainfall in the mountain area, 4 September 2005 (Table  4) , the wind was also advected over the Tokyo metropolitan area into the mountains (not shown).
Another possible cause for the reduction in precipitation in this rainfall event is weakened uprising in the air above the mountains. An increase in the strength of the urban heat island circulation increases subsidence away from the urban area. This subsidence acts to reduce the updraft velocity away from the city and suppresses cloud formation.
The grid cell with the largest change in rainfall, 4.4 mm, occurs in the southeast corner of the rain event. Here the presence of urban surfaces decreases rainfall from 10.0 to 5.6 mm. The maximum rainfall in this event is 35.4 mm for the urban land cover and 37.8 mm for the forest land cover, a difference of 2.4 mm. That is, in the location of the maximum rainfall, the presence of urban land cover decreased the rainfall by only 6%. In this test case, urban surfaces caused a decrease in rainfall in areas located some distance away from the urban surfaces. However, this decrease was not as large in magnitude as the increase in rainfall directly over urban surfaces from the first test case.
Conclusion
This research investigated the effects of urban surfaces on precipitation. The mesoscale weather prediction model, LOCALS, was run with current land cover conditions and for land cover conditions in which urban and pavement areas were replaced by forested areas. Several heavy rainfall events in the Tokyo metropolitan area were investigated. Two case studies were chosen for further study. In one case, on 5 August 2003, rainfall occurred directly above an urbanized area. In this case, the presence of urban land types enhanced the rainfall. The other case study, for 25 July 2001, consists of a rainfall event that occurred away from urbanized areas in which the air in the precipitating clouds had previously advected over an urbanized area. In this situation, the presence of urban land types decreased rainfall, but only by a small amount.
The presence of urban land types reduces the amount of moisture in the urban boundary layer. The decrease in moisture content results in less water available to form cloud droplets and leads to a decrease in the amount of precipitation. It is believed that this is the cause of the reduced rainfall in the second case study presented. In addition, the decrease in moisture results in more solar radiation being converted into sensible heat (as opposed to latent heat) than would have occurred in the presence of vegetated surfaces. The warmer boundary layer causes stronger upward air motion within the urban boundary layer. This stronger motion within the boundary layer raises the height of the boundary layer so that air flowing over it is diverted higher and more vertically than in the case of a cooler boundary layer. These combined air motions increase vertical air motion over the warmer boundary layer and could lead to more convective cloud formation as seen in the first case study. In the first case study, the air flowing over the top of the urban boundary layer from the north was a significant source of moisture into the precipitating cloud in the urban case, and this upward transport of moisture was also a factor in the increase of precipitation. Therefore, there appears to be at least two competing effects of urban surfaces on precipitation. Decreased moisture may lead to less precipitation, and increased sensible heating may lead to more precipitation. In the case studies performed for the current study, the latter effect was seen to increase rainfall directly over urban areas, even thought there was a decrease in available moisture. The current study investigated only eight days of heavy rainfall over the Tokyo metropolis during the summer. The analysis of many more days is needed to determine how the results of the two case studies presented can be generalized to the effects of urbanization on precipitation.
In this simulation, we performed numerical simulations with a roughness length model that lacks several physical properties of a real urban space, and therefore the simulations need to be analyzed taking these effects into account. Figures 5 and 6 show that the computed temperature is lower than the observed one between 1 a.m. and 5 a.m. This is because the roughness length model does not consider the effects of waste heat and the topology and properties of buildings in an urban area, i.e., a lowered sky view factor leading to suppressed radiative cooling in the night, and increased heat capacity. Between 11 a.m. and 3 p.m., the computed temperature matches, to some extent, with the observed temperature. However, it is noted that the rate of increase in temperature is higher in the computation than in the observation. Urban spaces tend to have higher air temperatures than their surrounding suburbs, mainly due to waste heat and surface materials such as asphalt which have high heat capacity and thermal conductivity and thus cause higher surface temperatures. However, the surface temperature cannot rise rapidly in the morning, when the solar elevation angle is small, due to a reduction in sunlight caused by the shadows of buildings over the ground surface. In addition, some of the heat generated near the ground is absorbed into the walls of the buildings or into the rooms of the buildings after penetrating into the windows. Therefore, all the heat is not transferred to the space above the urban canopy. Furthermore, sea breezes will also suppress a rapid rise in air temperature in coastal areas. All these factors are affecting the temperature in a real urban space, however, several of these factors are not sufficiently taken into account in the current simulation model. This may lead to the larger variation in computed air temperature than in the observed temperature that is seen in the current study. After 3 p.m., the computed air temperature is slightly higher than the observed one. During this period, it is difficult to evaluate the accuracy of the computed air temperature from the point of view of the mechanisms of the urban canopy layer, because there are various factors which are not related to an urban canopy layer that affect the air temperature, including the starting time of precipitation and changes in radiation accompanied by the generation of clouds.
An important component of the Urban Heat Island that is not included in the current model is anthropogenic heat. There have been numerous studies on the impact of anthropogenic heat on the Urban Heat Island (e.g., Ichinose et al. 1999; . Anthropogenic heat can add as much as 32 W m −2 of additional heat flux averaged over the 23 wards of Tokyo, with the Chiyoda ward in Tokyo having as much as 107 W m −2 of anthropogenic heat flux . Clearly, the addition of this much heat to the urban boundary layer will have an impact on many factors, including precipitation. An increase in anthropogenic sensible heat is likely to increase the strength of upward motion over urban surfaces and to thicken the atmospheric boundary layer over urban areas. These effects may lead to increased precipitation of the type seen in the first case study. If the anthropogenic latent heat is increased, there may be a decrease in the effect of urban surfaces reducing rainfall in the manner demonstrated in the second case study. It is important that anthropogenic heat be included in future modeling studies of the urban heat island.
The importance of anthropogenic heat has been described in order to detail some of the effects of the urban heat island on the atmosphere. The authors have a database of anthropogenic heat for the 23 wards of Tokyo which can be used as source data for a complex simulation using an urban canopy model. However, the database of anthropogenic heat, which includes sensible and latent heat, doesn't cover the entire metropolitan area. In addi-tion, a thorough study must include exhaust heat from air conditioning systems and the heat from natural energy sources such as solar radiation entering building windows. The current research was performed with a slab boundary layer model which can not treat such complex processes. An urban canopy model has been added to the LOCALS mesoscale model and these complex processes will be investigated in future research. For the current research, we have confined our investigation to changes in land surface properties.
Changes in land surface properties effect the formation of precipitating clouds. In the simulations of the current study, these changes in precipitating clouds extended to 2 km above the surface and even higher. It is likely that changes in land surface properties can be felt throughout the depth of the troposphere. The effect that land surface properties have on the atmosphere is a problem for boundary layer modelers and also for the entire atmospheric modeling community. Large rainfall events over cities have a dramatic effect on people's comfort and safety. Flooding and landslides due to major rain events cause property damage and even death. For these reasons, it is important to properly model the effects of land surface modifications on precipitation in urban areas.
